Abstract. This paper presents a simple method to determine dynamic modulus master curve of asphalt layers by conducting Falling Weight Deflectometer (FWD) for use in mechanistic-empirical rehabilitation. Ten new and rehabilitated in-service asphalt pavements with different physical characteristics were selected in Khuzestan and Kerman provinces in south of Iran. FWD testing was conducted on these pavements and core samples were taken. Witczak prediction model was used to predict dynamic modulus master curves from mix volumetric properties as well as the bitumen viscosity characteristics. Adjustments were made using FWD results and the in-situ dynamic modulus master curves were obtained. In order to evaluate the efficiency of the proposed method, the results were compared with those obtained by using the developed procedure of the state-of-the-practice, Mechanistic-Empirical Pavement Design Guide (MEPDG). Results showed the proposed method has several advantages over MEPDG including: (1) simplicity in directly constructing in-situ dynamic modulus master curve; (2) developing in-situ master curve in the same trend with the main predicted one; (3) covering the large differences between in-situ and predicted master curve in high frequencies; and (4) the value obtained for the in-situ dynamic modulus is the same as the value measured by the FWD for a corresponding frequency.
Introduction
Structural evaluation of pavements has a major role in any Pavement Management System (PMS) due to the high costs of pavement rehabilitation activities. This evaluation is necessary both for estimating remaining life of inservice pavements and also for overlay design purposes. Usually nondestructive testing (NDT) is used to evaluate in-service pavements due to the short time required and low expenses. On the other hand, the Mechanistic-Empirical Pavement Design Guide (MEPDG) (ARA 2004) uses dynamic modulus (|E*|) master curve of asphalt layers as one of the key input parameters in flexible pavement analysis and design. |E*| is a fundamental material property that can characterize the viscoelastic time and temperature dependent behavior of asphalt materials.
In recent years, many efforts have been made for the evaluation and calibration of MEPDG proposed methods in order to implement them in local material, environmental and traffic conditions (Le et al. 2011; Mogawer et al. 2011; Caliendo 2012; Žilionienė et al. 2013; Mai et al. 2014; Kim et al. 2014) . Dynamic modulus master curve used in the MEPDG is constructed using dynamic moduli measured in laboratory uniaxial testing on compacted mix samples according to the standard protocols. In addition, there are some predictive models such as Witczak (Andrei et al. 1999) , Modified Witczak (Bari, Witczak 2006) and Hirsch (Christensen et al. 2003 ) that determine |E*| from some properties of the mixture. Laboratory testing for |E*| requires considerable time and is very expensive. In these methods, the effect of confinement on the mechanical properties of asphalt concrete is not considered (Zhao et al. 2014) and in practice, it is not usually possible to have asphalt layers with the thickness required by standard laboratory testing protocols. Hence, if the |E*| master curve of an in-service asphalt pavement could be derived directly from a routinely in-situ NDT testing, it would not only save laboratory time and expenses, but it could also lead to a more accurate prediction of remaining life of the pavement.
Falling Weight Deflectometer (FWD) is mainly used to determine structural capacity of in-service pavement layers. Relationship between FWD deflection basin parameters and road pavement structural condition indica-tors, such as fatigue cracking and permanent deformations were investigated by Talvik and Aavik (2009) . Besides, the structural capacity of pavement layers which is tested by FWD could be used for the in-situ assessment of pavement subgrade construction quality (Chai et al. 2015) . In addition to FWD, other deflection based equipment such as Rolling Dynamic Deflectometer (RDD) (Nam, Stokoe 2014) and Traffic-Speed Deflectometer (TSD) (Nasimifar et al. 2016 ) are used to continually evaluate the pavement structural condition at network level PMS. Portable Falling Weight Deflectometer (PFWD) is also widely used for the evaluation of pavement unbound layers and quality control purposes (Kavussi et al. 2010; Rafiei et al. 2012) . Under real climatic and traffic conditions, pavement instrumentation has recently become an important tool for monitoring the performance of pavement structures and materials (Čygas et al. 2015) . However, the main aim of this work is to develop a practical and simple methodology to determine the dynamic modulus of in-service asphalt layers to use in pavement mechanistic-empirical design method.
Background
There are two main categories of methods for determining the dynamic modulus master curves of in-service asphalt layers: 1) Methods using dynamic backcalculation of deflection time history data; and 2) Methods using practical laboratory testing and prediction models.
The first category utilizes dynamic backcalculation of FWD deflection data and optimization methods. Kutay et al. (2011) developed a methodology to backcalculate the |E*| master curve of the asphalt layers using the time history of FWD deflections. In this method, a layered viscoelastic forward algorithm in an iterative backcalculation procedure is used in order to determine linear viscoelastic characteristics of asphalt pavements. This study found that by using deflection time history, it is possible to derive E(t) (relaxation modulus) and |E*| master curve while requiring some modification of the current FWD technology. A new inverse analysis is proposed by Varma et al. (2013a) to backcalculate both linear elastic and viscoelastic properties of pavement layers as well as the asphalt mix time-temperature shift factor. A viscoelastic genetic backcalculation algorithm was developed that uses single FWD drop, time history data, and variation of temperature with the depth of asphalt layer. In addition, this study suggested conducting FWD testing in a set of temperatures to estimate shift factor of asphalt materials (Varma et al. 2013b) .
Recently a layered viscoelastic-nonlinear forward model was used to develop a genetic algorithm-based backcalculation scheme by Varma and Kutay (2016) . This algorithm uses deflection time history at different test temperatures to backcalculate both the (damaged) E(t) and |E*| master curve of asphalt layers and also the linear and nonlinear (stress dependent) elastic moduli of unbound layers for in-service pavements. Jamrah and Kutay (2015) also investigated the methods of obtaining asphalt mixture creep compliance (D(t)) for use in flexible pavement analysis and design using the pavement M-E design software.
In addition to these attempts, data mining tools such as support vector machines, Artificial Neural Network (ANN), decision trees, and meta-algorithms like bagging were also used to predict the non-linear layer moduli of asphalt pavement structures based on the deflection profiles obtained from FWD (Gopalakrishnan et al. 2013) . ANN was used for backcalculation of asphalt concrete viscoelastic properties from FWD deflection time history . It was found that although this study demonstrates the potential of ANN to predict the E(t) and |E*| master curves from single-drop FWD deflection time history, the current prediction accuracies are not sufficient to recommend these models for practical implementation.
The above mentioned analytical developed methods are yet in research phase and thus, using them in real projects is impractical. The second category is more practical and may be under use by some pavement management agencies. The most well-known and state-of-the-practice method in this category was proposed by the MEPDG (ARA 2004). For rehabilitation projects, MEPDG defines a "damaged" and an "undamaged" modulus and uses a combination of field and laboratory tests for structural evaluation of pavements at three hierarchical levels. At input Level-1, FWD testing is performed and some core samples are taken for extraction analysis purposes. The Witczak or modified Witczak model is used to develop an undamaged master curve utilizing asphalt layer volumetric and bitumen viscosity properties. A damage factor defined as the ratio of backcalculated FWD modulus to predicted value at the same temperature and frequency, is used to distinguish the damaged dynamic modulus master curve from the undamaged one. For Level-2 analysis, instead of FWD testing, the resilient modulus data from cores is used while for Level-3, the damaged modulus is estimated from surface condition rating. The MEPDG method was evaluated by Loulizi et al. (2007) at nine flexible and composite pavements in high performance roads in Virginia, USA. Results showed the ability of this method in predicting the in-situ |E*| master curve while some disadvantages were reported for input Level-2 analysis.
Other researchers have developed some improved and simple methods based on MEPDG proposed procedure. Biswas and Pellinen (2007) developed a practical methodology for determination of the in-situ dynamic moduli for engineering analysis. They considered the mixture stiffness values measured from simple shear testing (SST) to develop stiffness master curve comparable to the uniaxial dynamic modulus testing. Seo et al. (2013) used experimental tests and numerical simulations to propose a framework to estimate the |E*| from field stiffness and different depth temperature data. The emphasis of this research was on the loading frequency-vehicle speed relationship and was capable of predicting asphalt pavement behavior with varying vehicle speeds. It proposed a converting factor that could estimate the in-situ |E*| from the undamaged |E*| using FWD modulus. Finally, Georgouli et al. (2015) focused on the feasibility of backcalculation procedures to access the |E*|, by investigating the relationship between the backcalculated in-situ moduli and the laboratory determined |E*|, using a genetic algorithm. To achieve this goal, FWD testing was applied at several locations along a newly constructed pavement section. Results demonstrated the capability of relationship between field and laboratory data in determining the in-situ |E*| of asphalt pavements.
Methodology development

Dynamic modulus sigmoidal function
Dynamic modulus master curve can be presented by the sigmoidal function described by Eqn (1):
where * E -asphalt dynamic modulus, psi; δ -regression parameter (10 δ -minimum modulus value);
α -specified range from minimum (10 δ α + -maximum modulus value); and β γ -regression parameters; r treduced time (time of loading at the reference temperature), sec. The fitting parameters δ and α depend on aggregate gradation, binder and air void contents. The parameters β and γ depend on the characteristics of the asphalt binder and the magnitude of δ and α . The sigmoidal function describes the time dependency of the modulus at the reference temperature; while the shift factor (Section 2.3) describes the temperature dependency of the asphalt modulus (ARA 2004).
Witczak dynamic modulus prediction model
This model was developed in 1999 based on 2750 data points from 205 asphalt mixtures, including modified and unmodified bitumen grades (Andrei et al. 1999) . It predicts |E*| at different temperatures as a function of aggregate gradation, mix air voids, effective bitumen content, loading frequency and bitumen stiffness. The bitumen stiffness in the model is expressed in terms of viscosity, which is a function of the temperature. A sigmoidal function can be fitted to this model as expressed in Eqn (2): Having mix volumetric properties and bitumen viscosity parameters, Witczak model is widely used in predicting dynamic modulus of asphalt materials.
Bitumen characterization -shift factor
Bitumen viscosity and shift factor can be determined at various temperatures and at minimum of one frequency using Dynamic Shear Rheometer (DSR) test method, in the following manner (ARA 2004):
Using Eqn (3) for determining the bitumen viscosity at any * G and associated δ from DSR:
where η -asphalt bitumen viscosity, Pa.s; * G -complex shear modulus of bitumen, Pa; and δ -bitumen phase angle, degree (°). Then, it would be possible to define two viscosity parameters, A and VTS (ASTM D2493M-09:2009):
where η -asphalt bitumen viscosity, cP; R T -temperature, Rankine; A -regression intercept; and VTS -regression slope of viscosity temperature susceptibility. For calculation of shift factor and also reduced time (or frequency) to be used in development of master curve, Eqns (5) to (7) were proposed: 
where T a -shift factor as a function of temperature, cP; η -viscosity at temperature of interest, cP; r η -viscosity at the reference temperature, cP; t -time of loading, sec; r t -reduced time, sec; f -frequency of loading, Hz; and r f -reduced frequency, Hz. Eqns (5) to (7) utilize time-temperature superposition principle to transform time (or frequency) to temperature, and vice versa in analysis.
Procedure for proposed method to develop in-situ |E*| master curve
The principle of proposed method is the modification of the Witczak predicted master curve using FWD deflection data. In this method, predicted modulus is adjusted to the corresponding backcalculated value at the same frequency of FWD loading. The procedure is presented in following steps ( Fig. 1): 1. Developing predicted master curve by using volumetric properties and bitumen viscosity data (from the core samples taken from the site) at a reference temperature; 2. Determining reduced frequency of FWD loading ( r FWD f − ) at the reference temperature by using Eqn (7) and the field depth temperature of FWD testing; 3. Calculating predicted dynamic modulus for corresponding reduced frequency of FWD loading (
Adjusting predicted dynamic modulus to the measured FWD modulus ( m FWD E − ); 5. Generalizing this adjustment to all the other frequencies and constructing the in-situ dynamic modulus master curve for the mentioned reference temperature.
The proposed method assumes that the ratio of FWD backcalculated modulus and the corresponding predicted value is the same in all loading frequencies. This assumption could not be wrong due to the fact that a typical FWD testing applies a load at a fixed duration of about 30 milliseconds. This loading duration is designed in such a way to simulate the effect of a moving load at normal traffic speed (Chatti, Kim 2000) . According to previous works (Loulizi et al. 2002; Al-Qadi et al. 2004) , this covers normal speeds of the heavy vehicles. Eqn (8) can be used to construct the final in-situ dynamic modulus master curve by fitting the sigmoidal function: (2) and (7). This equation may be directly used in determination of asphalt dynamic modulus at any frequency of interest. Afterwards, the dynamic modulus master curve for in-service asphalt layers is developed to be used in MEPDG design procedure.
Testing program
Ten flexible pavement sites were selected in Khuzestan and Kerman provinces in south of Iran to determine insitu dynamic modulus of asphalt layers. All these sites suffer from severe summer temperatures. According to the last sixty years climate records from Iranian Meteorological Organization, in Khuzestan, the highest air temperature varied from 28 ºC in January to 54 ºC in July. In Kerman, it varied from 21 ºC in January to 42 ºC in July (IRIMO 2016) . Figure 2 shows the site locations and their general climatic conditions.
General characteristics of the sites are reported in Table 1 . The sites were selected from different roads so that they would include pavements with different characteristics with regard to their thickness, number of layers, age and types of base and subbase layers. As it can be seen in this table, for both of the new and rehabilitated pavements, the thickness of their asphalt layers varies from 75 to 400 mm. The base and subbase layers are Fig. 1 . Procedure of proposed method for development of in-situ |E*| master curve either granular layers or layers stabilized with bitumen emulsion (Site S05). Site S10 was on a bridge deck and had no base and subbase layers. This site contained 400 mm of asphalt layers on the concrete bridge deck. In sites S09 and S10 that were about 50 meters apart from each other, asphalt mixes and pavement temperatures were the same, while the thickness of their asphalt layers was different and one of them had no unbound layers. The age of the pavement sites varied from 2 weeks to 25 years.
FWD testing
In this work a Dynatest 8000 FWD device was used to apply loading on pavements and to measure deflections at various locations. In order to accurately determine field moduli of various layers, four different stress levels were applied. More geophones were located near the center of loading plate in order to measure responses of asphalt layers more accurately. The testing setup conditions are reported in Table 2 . FWD testing and temperature measurements at each testing site were conducted at half an hour intervals during a full working day. In addition, temperatures were measured at depths of half and one third of asphalt layers. Air and surface temperatures were automatically recorded by FWD device every half an hour. Hence, FWD measured data were obtained where the asphalt layer depth Figure 3 shows a typical FWD testing site and the drilled holes for measurement of asphalt layer temperatures with digital thermometers. As it can be seen in this figure, FWD loading was conducted in outer wheel path with no cracking (according to the MEPDG instruction) and temperatures were measured just near the loading area. Fig. 3 . FWD testing and depth temperature measurements of asphalt layers on a pavement site
Laboratory mixture volumetric properties and bitumen DSR testing
Mix volumetric properties and bitumen viscosity characterization were used to estimate the undamaged dynamic modulus master curve using the Witczak model. Core samples taken from the field were extracted and their bitumen was separated. Since some sample cores were made up of several asphalt layers, they were cut before extraction. Aggregate gradation was done and the mix volumetric parameters were determined. In addition, DSR testing was conducted on the extracted bitumen. For accurate characterization of bitumen viscosity parameters, DSR testing was done at varying temperatures from 5 to 60 ºC with 1 ºC intervals and at a standard frequency of 1.59 Hz (10 rad/s).
Results and discussion
FWD backcalculated moduli
Backcalculated moduli of asphalt layers (considered as a single layer) were determined from FWD deflection data using ELMOD backcalculation software (Dynatest International A/S 2014). For this purpose, the pavement was modeled as a system of three layers. All asphalt layers were grouped into one layer. The base and subbase layers were combined into the second layer and the subgrade was defined as the third layer with infinite thickness. The backcalculated moduli of asphalt layers in all testing sites at the temperatures of 30, 35, 40 and 45 ºC are presented in Table 3 . The maximum moduli were obtained for Site S05 (a site with stabilized base) which had the oldest pavement section. Hence, the effect of aging and asphalt stiffening has been reflected on backcalculation modulus from FWD testing. The minimum moduli were obtained for Site S01 which was just two weeks old and consisted of a 75-mm thickness of asphalt layer.
Witczak predicted dynamic modulus master curves
Due to the high temperature of testing areas, reference temperature was selected to be 35 ºC for constructing dynamic modulus master curves. Predicted (undamaged) dynamic modulus master curves were developed at this temperature for all pavement sites using Witczak model based on mix volumetric properties and bitumen viscosity parameters. Table 4 reports these volumetric properties and bitumen characterization values for all testing samples. In this case, some sites consisted of a single asphalt layer while others consisted of several layers. Since a single FWD modulus was determined for each site, the dynamic moduli obtained from Witczak prediction model for sites with multiple asphalt layers were combined to calculate a single modulus using Eqn (9) (Ullidtz 1998):
where -CM E combined modulus of all asphalt layers, MPa; -i E modulus of layer i , MPa; -i h thickness of layer i , mm; and, -n number of asphalt layers. As an example, dynamic modulus master curves of individual layers and the combined one for Site S05 are shown in Figure 4 . For all frequencies, the maximum predicted dynamic moduli were obtained for Site S05; while minimum values were obtained for Site S01 due to their asphalt layer characteristics explained earlier. 
In-situ dynamic modulus master curves
In-situ |E*| master curves were developed using Eqn (8) according to the proposed procedure in Section 2.4. Reference temperature was selected to be 35 °C and equivalent frequency of FWD was obtained from its loading time histories. An average loading time of 0.030s was considered and the frequency which was calculated us- Lytton et al. 1990 ) was 16.67 Hz. Predicted dynamic modulus master curves were adjusted to FWD moduli and the in-situ dynamic modulus master curves were obtained. Figure 5 shows the in-situ |E*| master curve for Site S01 using proposed methodology. FWD measured moduli at mentioned temperatures, predicted Witczak dynamic modulus and insitu MEPDG Level-1 master curves are also shown in this figure. In addition, in-situ |E*| master curves for all pavement sites are shown in Figure 6 .
Evaluation of proposed method and comparison with MEPDG
For evaluating efficiency of the proposed method, a comparison was made using the MEPDG as a state-of-thepractice method. Level-1 analysis of MEPDG was selected for comparison due to its high accuracy. This level uses FWD deflection data to calculate damage and then by substituting one of the fitting parameters ( α ′ instead of α ) in the sigmoidal function, damaged master curve is derived. Dynamic modulus master curve developed by MEPDG procedure is shown in Figure 5 together with predicted (undamaged) and proposed master curves. As it can be seen in this figure, in-situ |E*| values resulted by these two methods are different in all frequencies. Although in very low frequencies they are approximately close to each other, these differences are increased extremely in high frequencies (note that the curves are drawn in logarithmic scale). This comparison was made in all pavement sites and similar results were obtained. Table 5 shows the comparison results between the proposed and the MEPDG methods. For this comparison, measured FWD backcalculated moduli obtained in different temperatures were considered and corresponding reduced frequency of loading temperatures were calculated. In-situ dynamic moduli using both the MEPDG and the proposed methods are presented in reduced frequencies in this table. Comparison of results showed that average error between measured FWD moduli and those determined by MEPDG method is about 77.2% while this average error is only 8.9% for in-situ moduli determined from proposed method in this study. This issue can be seen for Site S01 in Figure 5 .
In all pavements, proposed method had the same trend with the main predicted master curves and showed closer values in comparison with MEPDG in all frequencies. Whereas the MEPDG values in extremely high frequencies were very far from the Witczak predicted master curves. This is one of the disadvantages of MEPDG method especially in evaluation of new pavements. Another point to notice is that the final determined dynamic modulus for corresponding frequency of FWD, is significantly different from the measured value in MEPDG; whereas the proposed method for which the determined in-situ dynamic modulus is equal to the measured value, does not suffer from such a problem. In addition, in MEPDG method it is necessary to first calculate the damage factor and then constructing the damaged master curve; while in this proposed method, final in-situ master curve can be developed directly without any need for damage factor or substituting any other parameter in the final master curve sigmoidal function. . In-situ dynamic modulus master curves for all sites using proposed method in this study 
Conclusions
A new simple and practical methodology was proposed to develop dynamic modulus master curves of in-service asphalt layers for use in pavement mechanistic-empirical rehabilitation procedure. Ten asphalt pavement sites were selected and results of using proposed method were compared with state-of-the-practice MEPDG procedure. Following conclusions were obtained: -Using proposed method, it is possible to simply develop dynamic modulus master curves of in-service asphalt layers by conducting a routinely FWD testing in any environmental temperature. -Proposed in-situ dynamic modulus master curve had the same trend with the main predicted master curve and showed closer values in comparison with ME-PDG in all frequencies. -In-situ |E*| values resulted by both proposed and MEPDG methods are different in all frequencies. Although in very low frequencies they are approximately close to each other, but these differences are extremely increased in high frequencies. -The final determined dynamic modulus for corresponding frequency of FWD by MEPDG, is significantly different from the measured value; while this problem doesn't exist in the proposed method and the determined in-situ dynamic modulus is the same as the measured one. -Final in-situ dynamic modulus master curve can be developed directly without the need for calculating any damage factor or substituting any other parameter in the master curve sigmoidal function.
